There is a distinction between how DILPs act in growth regulation. DILPs other than DILP1 and 6 promote growth primarily during the feeding 1 0 7 larval stages when their expression is high [12, 23] . This nutrient dependent 1 0 8 4 growth is relatively well understood and is critical for production of the steroid 1 0 9
hormone ecdysone and thereby developmental timing and induction of 1 1 0 developmental transitions such as larval molts and pupariation [26] [27] [28] [29] [30] . The 1 1 1 growth during non-feeding stages, which affects imaginal discs and therefore 1 1 2 adult tissues, is far less studied. In this study, we investigate the role of 1 1 3 dilp1/DILP1 in growth regulation in Drosophila in comparison to dilp6/DILP6.
We found that mutation of dilp1 diminishes body weight and ectopic dilp1 1 1 5 expression promotes organismal growth during the non-feeding pupal stage, and dilp6 increase the metabolic rate and that the associated increased 1 1 9 metabolic cost is fueled by increased lipid catabolism. We, however, find no 1 2 0 evidence for a role of the lipid mobilizing adipokinetic hormone (AKH) [31] [32] [33] 1 2 1 in the altered lipid catabolism in pupae.
1 2 2
We also investigated the role of dilp1 mutation and overexpression on 1 2 3 early adult physiology. Interestingly, the newly eclosed dilp1 mutant flies are 1 2 4 less resistant to starvation than controls and dilp2 mutants. Thus, dilp1 acts 1 2 5 differently from other dilps for which it has been shown that reduced signaling 1 2 6
increases survival during starvation [21] . The decreased starvation resistance 1 2 7
in newly hatched flies after dilp1 overexpression may be a consequence of Taken together, our data suggest that dilp1/DILP1 promotes growth of 1 3 2 adult tissues during the non-feeding pupal stage, and that this process mainly 1 3 3 utilizes stored lipids to fuel the increased metabolic rate. The effect of this 1 3 4 increased metabolic rate in the pupa carries over to affect the metabolism in 1 3 5 Table 1 ) or size of the brain (S9C Fig, Table 1 ), but affected the intensity Table 1), further supporting that dilp1 overexpression has no effect on cell 3 3 5 growth during the larval stage. Finally, since overexpression of dilp6 in glial tested overexpression of dilp1 in these cells, but found no significant effect on that to affect cell/tissue growth DILP1 must act systemically rather than in a 3 4 0 paracrine fashion. To determine whether it indeed are lipids that fuel growth of adult tissues in 4 3 7 5
Fig,
day old pupae we determined TAG levels after over expression of dilp1 and 3 7 6 dilp6 in fat body (ppl-Gal4). Pupae of both genotypes displayed increased Since AKH is known to mobilize lipids in insects, including Drosophila transcript of the α−glucosidase tobi, which regulates glycogen levels and is a 3 9 1 target of both DILPs and AKH [53] , and found no effect of overexpression (not To investigate whether energy reallocation during pupal development affects 3 9 9
adult physiology and metabolism, we monitored the levels of triacylglycerids 4 0 0 (TAG), glycogen and glucose in recently emerged and three day old dilp 4 0 1 mutant and dilp1-overexpressing female flies (Fig 4) . In newborn dilp1 mutant 4 0 2 flies glycogen was significantly lowered, whereas glucose and glycogen was 4 0 3 diminished in dilp2 mutants, while in the dilp1/dilp2 double mutants all three 4 0 4 compounds were decreased ( Fig 4A-C) . In the three-day-old flies dilp1 and 4 0 5 double mutants displayed reduced glycogen, whereas in dilp1/dilp2 double 4 0 6 mutants TAG was increased ( Fig 4D-F) . Using ppl-Ga4 to express dilp1 we 4 0 7
found that the only effect was a reduction of glycogen in newborn flies; at 3 or 4 0 8 7 days of age no effect was noted ( Fig 4G- whereas the dilp2 mutants perform similar to the controls ( Fig 5B, Table 1 ). In a separate study [34] it was shown that 6-7 day old female flies display a 4 2 7 similar response to starvation: the dilp1/dipl2 mutants exhibit the strongest 4 2 8 reduction in survival, followed by dilp1 mutants that also are much less stress 4 2 9
tolerant, whereas dilp2 mutants and control flies perform very similar (see survive similar to controls (S12A Fig) . resistance compared to controls that were tested when three days old. Also hatched than as older flies, and the mutants perform less well than controls at 4 4 9
both ages ( Fig 5D) . However, the most drastic change within the first week is 4 5 0 that dilp1 mutants yield the strongest phenotype as newborn flies and then in that dilp1 impairs starvation resistance we performed dilp1-RNAi using a It is also interesting to note that the diminished starvation resistance in 4 6 0 dilp1 and dilp1/dilp2 mutants is opposite to the phenotype seen after IPC insulin-like peptides.
6 7
Next we investigated the effect of the mutations on the flies' response 4 6 8
to desiccation (dry starvation). One-week-old flies were put in empty vials and 4 6 9
survival recorded. Female dilp1/dilp2 mutants were more sensitive to 4 7 0 desiccation than controls and the single mutants ( Fig 5D) . In males the double 4 7 1 mutants also displayed higher mortality during desiccation, whereas the two 4 7 2 single mutants were more resistant than controls (S12B Fig). Thus, there is a compared to parental controls ( Fig 6A, B ). However, in 6-7-day-old male flies 4 7 8 there is no difference between controls and flies with ectopic dilp1, using ppl-
and c929-Gal4 drivers (S13C-D Fig) . We furthermore investigated starvation suggesting that the effect the dilp1 null mutation is different.
After ectopic expression of dilp1 in the fat body there was an increase 4 9 0 in food intake (cumulative data) in one-week-old flies over four days ( Fig 7A) ,
suggesting that metabolism is still altered in older flies. Since the effect of 4 9 2 dilp1 manipulations seems stronger in female flies we asked whether 4 9 3 fecundity is affected by overexpression of dilp1. An earlier study showed that 4 9 4 dilp1 mutant flies are not deficient in number of eggs laid, or the viability of 4 9 5
offspring (egg to pupal viability), although the dilp1/dilp2 double mutants 4 9 6 displayed a reduction in viability of these eggs [34] . Here, we expressed dilp1 4 9 7
in fat body (ppl-Gal4) and detected an increase in number of eggs laid over 24 4 9 8 h in 6-7 d old flies (Fig. 7B ). Both ppl-Gal4-and c929-Gal4-driven dlip1 4 9 9
decreased the viability of eggs laid as monitored by numbers of eggs that 5 0 0 developed into pupae ( Fig 7C) . As a comparison we noted no difference in 5 0 1 number of eggs in 3-day-old dilp1 mutant flies ( Fig. 7D ).
0 2
We next asked whether there is any physiological trigger of increased such as ectopic expression of sNPF or knockdown of dilp6, dilp2 and dilp2,3,5 5 0 5 [16, 34, 57] . Although diminished protein diet in larvae had no effect on dilp1 5 0 6
expression measured by immunolabeling (not shown), we found that 40 h 5 0 7 starvation of 10 d old flies (w 1118 ) leads to a significant increase in dilp1, but 5 0 8 not in dilp2 or dilp6 ( Fig 7E) . Thus, at a time (12 d) when dilp1 is very low
under normal conditions, it is upregulated four times during starvation, further 5 1 0
suggesting that the peptide indeed plays a role also in older adult flies.
1 1
The functional homolog of glucagon in flies, AKH, plays important roles 5 1 2 both in lipid mobilization, metabolism and regulation of lifespan [31, 51, 58, 59] .
1 3
A previous paper showed that in dilp1 mutant flies levels of AKH were not interaction between dilp1 and AKH that may underlie some of the effects of 5 1 8 this DILP on metabolism and stress tolerance. Our study indicates a role for dilp1 in regulation of adult tissue growth during of adult tissues if the larva was exposed to restricted food sources. In the 5 2 6
adult dilp1 is upregulated during starvation and genetic gain and loss of 5 2 7 function of dilp1 signaling alters the flies' survival under starvation conditions. 5 2 8
These novel findings combined with previous data showing high levels of dilp1 In Drosophila, the final body size is determined mainly during the larval 5 3 9
feeding stage [11, 12, 23, 29] . However, regulation of adult body size can also 5 4 0 occur after the cessation of the feeding stage, and this process is mediated by manner [15, 38] . This is likely a mechanism to ensure growth of the adult 5 4 3
tissues if the larva is exposed to shortage of nutrition during its feeding stage.
4 4
Our findings suggest that dilp1 is another regulator of growth during the pupal 5 4 5
stage. We show here that dilp1 promotes organismal growth in the non- (also seen for dilp6). Furthermore, TAG (but not carbohydrate) levels in dilp1 5 5 1 overexpression flies were clearly decreased, which likely reflects the shift in One obvious difference between these two stages is the presence of larval fat We used a double null mutation of dilp1/dilp2 that was previously al. [34] . Also single dilp1 and dilp2 null mutants were employed. We refer to 6 7 4 these three null mutants as dilp1, dilp2 and dilp1/dilp2 mutants for simplicity. 6 7 5
As described earlier [34] , these were obtained from BDSC and a residual w+ 6 7 6 marker was Cre excised followed by chromosomal exchange to remove yw 6 7 7 markers on chromosomes 2 and X. Triton-X 100 (PBS-Tx) four times, the tissues were incubated with secondary The following primary antisera were used: Rabbit or guinea pig Brown, Athens, GA, rabbit anti-pigment-dispersing hormone (1:3000) from H. The following secondary antisera were used: goat anti-rabbit Alexa 546, ImmunoResearch, West Grove, PA). All were used at a dilution of 1:1000. To determine time to pupariation, 6-7 day old adult females were crossed in 7 2 4 the evening. The following morning, adult flies were transferred to vials with 7 2 5 23 fresh food on which they were allowed to lay eggs for four hours. Two hours 7 2 6
after the initiation of egg laying was considered time "0", and thereafter the 7 2 7 number of pupae was monitored at 6 or 12-hour intervals. To investigate the 7 2 8 viability of egg to pupae formation, one pair of 6-7 day old adult flies was 7 2 9 allowed to lay eggs for 24 hours after which the total number of eggs was 7 3 0
counted. Subsequently, the total number of pupae was counted and the Newly hatched and mated 6-7 day old adults were used for starvation Food intake was measured using a slightly modified capillary feeding (CAFE) 7 4 6 assay following Ja et al. [72] . In brief, female flies were placed into 1.5-ml 7 4 7
Eppendorf micro centrifuge tubes with an inserted capillary tube (5 µl, Sigma) products were then diluted 10 times and applied for qPCR using a 7 6 5
StepOnePlus TM instrument (Applied Biosystem, USA) and SensiFAST SYBR 7 6 6
Hi-ROX Kit (Bioline) followed the protocol from the manufacturer. The mRNA 7 6 7
abundance was normalized to ribosomal protein (rp49) levels in the same Glycogen and triacyl glyceride (TAG) levels were assayed as previously To measure the amount of TAG during late pupal stages, 6 replicates 7 9 6 with 4 pupae in each were collected and then homogenized in PBS + 0.05% 7 9 7
Triton-X 100 with a tissuelyser II from Qiagen. The TAG levels was assess metabolic rate (MR) as described previously [49] . Pupae were placed 8 0 9
in 1 ml syringes (i.e. respirometry chambers) that were filled with air scrubbed 8 1 0
of CO 2 with ascarite (Acros Organics, USA) that then passed through filtered 8 1 1
acidified water (pH < 4.5, checked weekly), closed with three-way luer valves, syringe served as control. CO 2 production was measured using a Sable 8 1 4
Systems (Las Vegas, NV, USA) differential respirometry setup. Two Hammond Drierite, USA) and ascarite scrubbers respectively, were pushed at 8 1 7
a steady rate of 150 ml min -1 using a SS-4 pump (Sable Systems) and two sampling rate was 1 Hz. In the program Expedata (version 1.9.10) the raw finally divided by body weight in mg to yield MR mg -1 .
5 2
In the present study we monitored single identified individuals throughout eclosion was successful and therefore we could use the true weight of the 8 5 5
individual for the calculation above. However, for individuals that failed to 8 5 6 eclose properly we instead used the average weight for that sex and All results are presented as means ± SEM. We first investigated normality of For the respirometry data we used the natural logarithm of MR mg -1 8 6 8
due to deviations from normality. A factorial two-way ANOVA was used with 8 6 9
MR mg -1 or RQ as dependent variable, and sex and treatment as factorial used for generating all the graphs. We thank the Bloomington Drosophila Stock Center (Bloomington, IN) , the New York: Elsevier/Academic Press. pp. 63-92. pathway: an evolutionarily conserved mechanism of longevity from yeast to week. Also dilp2 mutants weigh less, but do not gain much weight first week. The double mutants are not significantly affected compared to controls at 1 d, 1 1 0 3 but after 6-7 d both dilp2 and double mutants weigh less that controls and 1 1 0 4 dilp1 mutants. Data are presented as medians ± range, n = 25-30 flies for 1 1 0 5 each genotype from three independent replicates (*p < 0.05, **p < 0.01, ***p < 1 1 0 6 0.001, two-way ANOVA followed by Tukey's test). C. In male flies the three 1 1 0 7 mutants display weights similar to controls and controls lose weight the first by unpaired Students' t-test). the other mutants and control. The double mutant is significantly more 1 2 1 0 35 resistant (p<0.001). n = 109-147 flies for each genotype from three 1 2 1 1 independent replicates. B. In three-day-old virgin female flies dilp1-dilp2 1 2 1 2 double mutants are the least starvation resistant (p<0.001) followed by the
